Testable Baryogenesis in Seesaw Models (NuFact 2016) by Salvado, J. et al.
Testable Baryogenesis in Seesaw Models
NuFact 2016
J. Salvado1, P. Herna´ndez1, M. Kekic1, J. Lo´pez-Pavo´n2, J. Racker1
1Instituto de F isica Corpuscular (IFIC), CSIC-Universitat de Valencia
2Istituto Nazionale di Fisica Nucleare (INFN) - Sezione di Genova
We revisit the production of baryon asymmetries in the minimal type I seesaw model with
heavy Majorana singlets in the GeV range. We include “washout” effects from scattering
processes with gauge bosons, higgs decays and inverse decays, besides the dominant top scat-
terings. We show that in the minimal model with two singlets, and for an inverted light
neutrino ordering, future measurements from SHiP and neutrinoless double beta decay could
in principle provide sufficient information to predict the matter-antimatter asymmetry in the
universe. 1
1 Introduction
The origin of the observed baryon asymmetry in the Universe is one of the unresolved funda-
mental questions. To dynamically generate the this asymmetry, three Sakharov conditions need
to be fulfilled: processes that violate baryon number, processes that violate both C and CP,
and the out-of equilibrium processes should be present. In the popular models of baryogenesis
through leptogenesis, all three conditions are satisfied in the decay of a heavy particle, usually
above TeV scale. However, in the so-called low scale seesaw model, where the masses of sterile
neutrinos are below the electroweak scale, it is possible to generate the asymmetry in the lepton
sector via the oscillations of the sterile states, as firstly proposed in 2. Generated asymmetry is
stored in the sterile sector at least until the time of the electroweak phase transition when the
sphaleron processes that violate the baryon number become inefficient. For the asymmetry not
to be washed-out sterile neutrinos should not reach thermal equilibrium. This reflects in the
sterile neutrinos couplings and masses, and put them to be in the O(GeV) scale. Note that this
is exactly the mass range future experiments as SHiP 3, DUNE 4 and FCC 5 will be sensitive to,
which makes this model potentially testable.
In this work we focus in two different questions: what are constraints on the parameter
space of the model assyming that the described mechanism generetes all the observed baryon
asymmetry, and, can we predict the baryon asymmetry if the sterile neutrinos are measured in
SHiP or FCC together with the δCP phase in DUNE and the neutrinoless double beta decay
effective mass mββ .
2 Formalism
The evolution of the sterile (anti)neutrino and the lepton asymmetry in the form of chemical
potential is well described by the density matrix formalism proposed by Raffelt and Sigl 7. The
previous analysis 9,8 usually assumed the production rate of the sterile neutrinos to be dominant
by the top quark scattering and the Pauli blocking terms in the kinetic equations are usually
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NO Prior M1(GeV) ∆M12(GeV) |Ue4|2 |Uµ4|2 |Uτ4|2 mββ(eV)
IH M −0.55+0.16−0.38 −2.23+0.22−0.19 −7.2+0.9−0.4 −8.5+1.0−0.6 −8.5+0.8−0.7 −0.84± 0.55
∆M 0.23+0.68−0.82 −2.36+0.71−0.51 −9.2+1.7−1.4 −10.1+1.5−1.2 −9.9+1.4−1.2 −1.48+0.15−0.28
NH M −0.39+0.31−0.42 −3.1± 0.4 −8.9+0.8−0.7 −7.4± 0.7 −7.3+0.7−0.5 −2.66± 0.20
∆M 0.8+0.82−0.66 −2.76± 0.62 −11.21.4−1.6 −9.9+1.3−1.8 −10.0+1.3−1.6 −2.62± 0.14
Table 1: Result for the ranges for the measured value eq.3
neglected. Here we derive the set of kinetic equations that beside the top quark interactions
include 2↔ 2 scatterings at tree level with gauge bosons, as well as 1↔ 2 scatterings including
the resummation of scatterings mediated by soft gauge bosons. Those effects were derived in
6 for the case of vanishing leptonic potential and we re-evaluated them including the chemical
potential up to the linear order. We also kept Fermi-Dirac or Bose-Einstein statistic throughout
and include the spectators effects.
The evolution of sterile (anti)neutrino rN/N¯ ≡ ρN/N¯/ρF and the chemical potentials defined
as nB/3−Lα =
T 3
6 µB/3−Lα , are:
xHu
drN
dx
= −i[〈H〉, rN ]− 〈γ
(0)
N 〉
2
{Y †Y, rN − 1}+ 〈γ(1)N 〉Y †µY −
〈γ(2)N 〉
2
{
Y †µY, rN
}
,
xHu
drN¯
dx
= −i[〈H∗〉, rN¯ ]−
〈γ(0)N 〉
2
{Y TY ∗, rN¯ − 1} − 〈γ(1)N 〉Y TµY ∗ +
〈γ(2)N 〉
2
{
Y TµY ∗, rN¯
}
,
xHu
dµB/3−Lα
dx
=
∫
k
ρF∫
k
ρ′F
{
〈γ(0)N 〉
2
(Y rNY
† − Y ∗rN¯Y T )αα + µα
(
〈γ(2)N 〉
2
(Y rNY
† + Y ∗rN¯Y
T )αα
− 〈γ(1)N 〉Tr[Y Y †Iα]
)}
,
µα = −
∑
β
CαβµB/3−Lβ , (1)
where γN are momentum averaged interaction rates, Y is the Yukawa matrix and ρF is the Fermi-
Dirac equilibrium distribution.
The baryon asymmetry is expressed in terms of µB/3−Lα as
YB ' 1.3× 10−3
∑
α
µB/3−Lα . (2)
The current value given by the Planck collaboration is,
Y expB ' 8.65(8)× 10−11. (3)
The numerical solution of kinetic equations is very challenging due to the fast oscillating terms and
the analytic approximations are usually made. Even though they are useful for understanding the general
behavior of the solutions, they can not be applied to all the parameter space. To preform the numerical
scan over all the parameter space we used MultiNest and the solution of the equations is done numerically
using the public available code SQuIDS 10.
3 Results
We use a Gaussian likelihood consistent with the Planck measurement 3 and perform a Bayesian analysis
of the model parameters. The results are summarized in Table 1, where we have considered flat priors in
all the Casas-Ibarra parameters except the masses where we assume a flat prior in log10
(
M1
GeV
)
, within the
range M1 ∈ [0.1GeV, 102GeV], and two possibilities: Blue contours, with a flat prior in log10
(
M2
GeV
)
in
the same range; and red contours, with a flat prior in log10
(
|M2−M1|
GeV
)
in the range [10−8GeV, 102GeV].
The second option force the Bayesian sampling to explore the high degeneracy of the mass parameters.
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Figure 1 – The mass degeneracy versus the sum of the mixing, the electron mixing and mββ .
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Figure 2 – Contours for the active sterile matrix elements overlapped with the expected sensitivity of the proposed
SHiP experiment. The plots are for electron, muon, and tau from left to right and normal and inverted mass
ordering top and bottom respectively.
In Fig.1 we give the posterior probabilities of the mass differences versus the sum of the mixing matrix
elements over the flavor, the electron mixing and the neutrinoless double beta decay effective mass. Note
that the blue region, that represent the less fine-tuned solutions, can contribute significantly to the mββ
and also give the higher mixings.
The mixings of the sterile state with all three neutrino flavors are given in Fig 2, where the shaded
region represents the parameter space excluded from the direct searches experiment. Note that the blue
region is inside the sensitivity region of the proposed SHiP experiment.
Next we assumed a putative measurement in SHiP, that we fix to the values denoted by the star in
the Fig 2.
The correlation of the baryon asymmetry and mββ is presented on Fig 3, where optimistic errors of
0.1% and 1% error in the masses and mixings are considered, as well as a putative measurement of the
δCP phase.
The last and more detailed results about the implications of a SHiP signal in the leptonic CP-violation
can be found in the paper11.
4 Conclusion
• We have studied the production of the matter-antimatter asymmetry in low-scale O(GeV) seesaw
models.
• Our analysis include the washout processes from gauge interactions and Higgs decays and inverse
decays, quantum statistics in the computation of all rates, as well as spectator processes. This
together with a more efficient numerical treatment of the equations have allowed us to perform the
first Bayesian exploration of the full parameter space.
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Figure 3 – Baryon asymmetry as a function of the mββ if a putative measure of SHiP is assumed (red region),
and if we assume additional measurement of the δCP phase (blue region).
• We have demonstrated that successful baryogenesis is possible with a mild heavy neutrino degener-
acy, and more interestingly that these less fine-tuned solutions prefer smaller masses Mi ≤ 1GeV,
which is the target region of SHiP.
• If singlets with masses in the GeV range would be discovered in SHiP and the neutrino ordering is
inverted, the possibility to predict the baryon asymmetry (maybe up to a sign) looks in principle
viable, in contrast with previous beliefs.
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